Background High knee abduction moment (KAM) landing mechanics, measured in the biomechanics laboratory, can successfully identify female athletes at increased risk for anterior cruciate ligament (ACL) injury. Methods The authors validated a simpler, clinic-based ACL injury prediction algorithm to identify female athletes with high KAM measures. The validated ACL injury prediction algorithm employs the clinically obtainable measures of knee valgus motion, knee fl exion range of motion, body mass, tibia length and quadriceps-tohamstrings ratio. It predicts high KAMs in female athletes with high sensitivity (77%) and specifi city (71%). Conclusion This report outlines the technique for this ACL injury prediction algorithm using clinic-based measurements and computer analyses that require only freely available public domain software.
INTRODUCTION
Prospective measures of high knee abduction moment (KAM) during landing predict anterior cruciate ligament (ACL) injury risk in young female athletes. 1 Using data from nearly 700 young women, we developed a clinic-based assessment algorithm to identify those with increased KAM (fi gure 1). [2] [3] [4] These women would be ideal candidates for targeted injury prevention training.
The purpose of this report is to demonstrate techniques to accurately capture and analyse measures of body mass, tibia length, quadricepsto-hamstrings ratio (QuadHam), knee valgus motion and knee fl exion range of motion (ROM) for use of the ACL injury prediction algorithm using clinic-based measurements and computer analyses with freely available public domain software.
METHODS

Clinic based anthropometrics and strength Tibia length and body mass
Clinic-based tibia length was measured with the subject standing with knees extended in anatomical position. A standard measuring tape was used to measure the distance between the lateral knee joint line and the lateral malleous (fi gure 2). Body mass was measured on a calibrated physician scale.
QuadHam ratio
Isokinetic knee extension/fl exion (concentric/ concentric muscle action) strength was measured on a standard isokinetic testing device for each leg at 300°/s. 5 The quadriceps-to-hamstrings (QuadHam) ratio was calculated as the ratio of quadriceps to hamstrings peak isokinetic torque. Some clinical settings may not have an isokinetic testing device readily available. In this case, a surrogate measure of the QuadHam ratio can be employed that was defi ned using a linear regression analysis to predict QuadHam ratio based on the athlete's body mass. The surrogate QuadHam ratio measure can be obtained by multiplying the female athlete's mass to 0.01 and adding the resultant value to 1.10. If even greater simplicity is desired, the mean value of 1.53 can be substituted into the prediction algorithm for the QuadHam ratio. 4 Although surrogate calculations provide a range that can be used if isokinetic measurement is not obtainable, the prediction model is best optimised with QuadHam ratios which are achieved by direct measurement.
Clinic-based landing biomechanics
Camera set-up Two-dimensional (clinic-based) frontal and sagittal plane knee kinematic data were captured with standard video cameras. Cameras should be levelled and positioned at a height of 60-80 cm, perpendicular to each other in the frontal and sagittal planes. To reduce measurement perspective error, it is optimal to move the camera as far away from the capture area as possible, so as to allow for a fully zoomed view to be focused on the desired capture location. 6 Once the camcorders were positioned, the view was focused with the manual settings (autofocus settings were not used).
Test instructions
The box (31 cm high) used for the drop vertical jump (DVJ) should be centred on the frontal camera view and approximately 30 cm off centre of sagittal plane view away from the camera in the frontal plane position. Prior to the DVJ test performance, it is recommended that a standardised target be placed overhead, equal to the subject's maximal touch height during a countermovement vertical jump. The subject should be instructed to 'stand on top of a box with their feet positioned 35 cm apart. Once prepared, the subject should drop directly down off the box and immediately perform a maximum vertical jump, raising both arms towards the overhead target.' If an overhead target is not used, the test subject should be instructed to 'land and jump as high as possible as if reaching for a basketball rebound.' 7 
Image capture
Landing sequence images can be captured via the 'print screen' feature available on most personal computers, or they can be captured with freeware software such as VirtualDub software (copyright 1998-2009 Avery Lee). In addition, typical software programs (ie, VirtualDub) can deinterlace the video fi elds to effectively double the frames available per second from 30 to 60 Hz for NTSC systems (or 25-50 Hz for PAL systems). For simplicity, the four image fi les should be captured in the following suggested order: I 1 -frontal plane view with frame prior to initial contact, I 2 -frontal plane view of frame with knee in maximum medial (valgus) position, I 3 -sagittal plane view with frame prior to initial contact, I 4 -sagittal plane view of frame with knee in maximum fl exion position and named in a standard structure for each subject (ie, SubjectX I 1 , SubjectX I 2 , SubjectX I 3 , SubjectX I 4 ). Recommended software for kinematic coordinate data capture is suggested for use with ImageJ (Rasband W S, ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2009), software that is also available without surcharge.
Knee valgus motion
ImageJ software allows for easy importing of image sequences of fi les with a standard name structure (ie, SubjectX I 1 , SubjectX I 2 , SubjectX I 3 , SubjectX I 4 ). Once the image sequence is imported, a video scaling factor (scaling factor=known distance (cm)/digitised distance (video units)) is established for the x-axis scale from a known distance (drawing a line equal to the length of the known distance and inputting the actual length such as force plate width measurement presented in fi gure 3). Subsequent coordinate data in the x-axis are represented in centimetres of motion based on the scaling factor for measurement of knee valgus motion (fi gure 4). The calibrated displacement measure between the two digitised knee coordinates (X 2 −X 1 ) is representative of knee valgus motion during the DVJ.
Knee fl exion ROM
The sagittal plane video camcorder is used to capture knee fl exion angles that are calculated from the video frame just prior to initial contact and the video frame at maximum knee fl exion. Knee fl exion ROM was calculated as the difference in knee fl exion between the two positions (Θ 1 −Θ 2 ; fi gure 5).
APPLICATION OF THE PREDICTION ALGORITHM
To use the prediction nomogram (fi gure 1), one should place a straight edge vertically so that it touches the designated variable on the axis for each predictor value, and record the value Figure 1 Clinician friendly nomogram that was developed from the regression analysis and can be used to predict high knee abduction moment outcome based on tibia length, knee valgus motion, knee fl exion range of motion, body mass and quadriceps-to-hamstrings ratio.
Figure 2
Tibia length is measured as the distance between knee joint centre and ankle joint centre (Z 2 -Z 1 ).
Figure 3
Example of the calibration process for measured distance in the x-axis using ImageJ software. In the presented example, the line tool is used to draw a line the width of the box. Then, by using the set scale procedure, the known distance of the box width is input. From this calibration step, all length measurements from this camera position will be calibrated for the subjects' drop vertical jump trials. 129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192   193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255 257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320   321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384 that each of the fi ve predictors provides on the 'points' axis at the top of the diagram. All of the recorded 'points' measured using this method are then summed, and this value is located on the 'total points' line with a straight edge. A vertical line drawn down from the 'total points line' to the 'probability line' identifi es the probability that the athlete will demonstrate a high KAM (>21.74 Nm of knee abduction) during the DVJ based on the utilised predictive variables. Figure 6 provides an example of predicted probability for high KAM status based on the representative subject's clinic-based measurements and landing mechanics (tibia length 35 cm; knee valgus motion 8.2 cm; knee fl exion ROM 75.4°; body mass 52.2 kg; QuadHam 1.55). Based on her demonstrated measurements, this subject would have a 74% (95.5 points) chance of demonstrating a high KAM during the DVJ. The actual KAM measurement for the presented DVJ that was quantifi ed simultaneously with 3D motion analysis was 24.2 Nm of knee abduction load. Figure 7 presents the optimal landing biomechanics during the DVJ in which the athlete demonstrated desirable knee fl exion ROM without any knee valgus motion that ultimately limited her potential to demonstrate high KAM. Based on her recorded clinic-based measurement, the presented subject demonstrated a 25% chance for high KAM using the proposed prediction algorithm. Simultaneous 3D motion analysis confi rmed the accuracy of the proposed algorithm, as the subject yielded an actual KAM measurement of 7.6 Nm.
Identifi cation of high KAM
Identifi cation of low KAM
DISCUSSION
Special consideration for use of ACL injury prediction algorithm
Clinicians who perform risk assessment should be cognisant that side-to-side imbalances in neuromuscular strength, fl exibility and coordination can be important predictors of increased injury risk. 1 8 9 However, the above examples of KAM prediction have utilised measures on the left limb. Specifi c to ACL injury risk prediction, leg-to-leg differences in KAM were observed in injured, but not uninjured females. Importantly, the side-to-side KAM difference was 6.4-fold greater in ACLinjured versus uninjured females. Female athletes tend to demonstrate side-to-side differences in visually evident maximum knee valgus angle during a box DVJ (fi gure 8). 7 Figure 9 presents a representative subject with side-to-side differences in landing biomechanics which the ACL injury prediction algorithm also delineates with side-side differences in prediction of risk for high KAM. Based on her left leg (fi gure 9A,B) she would have a 28% (73.5 points; fi gure 9E) chance of demonstrating a high KAM during the DVJ. Her actual KAM measure for the presented DVJ that was quantifi ed simultaneously with 3D motion analysis was 15.4 Nm of knee abduction load on her left leg. However, when using the measures from the right leg frontal plane motion (fi gure 9C,D; 15 cm) in the ACL injury-risk prediction algorithm, this subject would have a 97% (129.5 points; fi gure 9F) chance of demonstrating a high KAM during the DVJ. Her actual KAM measure for the presented DVJ that was quantifi ed simultaneously with 3D motion analysis was 29.2 Nm of knee abduction load on her right leg. This important observation indicates that the ACL injury prediction algorithm is both sensitive and specifi c to high KAM, even between limbs in a single subject. Accordingly, clinicians should evaluate sideto-side differences in frontal plane mechanics, and the largest knee valgus motion measurements should be employed to maximise the utility of the proposed ACL injury prediction algorithm. 1 
CONCLUSIONS
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▶ Female athletes who demonstrate high knee abduction moments (KAM) during landing increase their risk of sustaining an anterior cruciate ligament (ACL) injury during competitive play. ▶ Female athletes who demonstrate an increased KAM are more likely to benefi t from neuromuscular training that will reduce their risk of ACL injury. ▶ Screening for KAM requires a dedicated biomechanical laboratory and costly measurement tools and labour-intensive data-collection sessions. These factors limit the potential to perform athlete risk assessments on a large scale, precluding the opportunity to target high-injury-risk athletes with the appropriate intervention strategies.
What this study adds
▶ Clinically feasible measures of increased knee valgus motion, knee fl exion range of motion, body mass, tibia length and quadriceps-to-hamstring ratio predict an increased propensity to demonstrate high KAM during landing in female athletes with high sensitivity and specifi city. ▶ The current report provides a systematic methodology to simplify and accurately identify female athletes who demonstrate high KAM landing mechanics that increase their risk of ACL injury. ▶ The presented algorithm provides the next critical step to bridge the gap between laboratory identifi cation of increased injury risk and clinical practices aimed to prevent the long-term sequelae that follows ACL injury.
